Abstract We present a new three-dimensional (3D) compressional wavespeed (V p ) model for the Parkfield region, taking advantage of the recent seismicity associated with the 2003 San Simeon and 2004 Parkfield earthquake sequences to provide increased model resolution compared to the work of Eberhart-Phillips and Michael (1993) (EPM93). Taking the EPM93 3D model as our starting model, we invert the arrival-time data from about 2100 earthquakes and 250 shots recorded on both permanent network and temporary stations in a region 130 km northeast-southwest by 120 km northwest-southeast. We include catalog picks and cross-correlation and catalog differential times in the inversion, using the double-difference tomography method of Zhang and Thurber (2003) . The principal V p features reported by EPM93 and Michelini and McEvilly (1991) are recovered, but with locally improved resolution along the San Andreas Fault (SAF) and near the active-source profiles. We image the previously identified strong wavespeed contrast (faster on the southwest side) across most of the length of the SAF, and we also improve the image of a high V p body on the northeast side of the fault reported by EPM93. This narrow body is at about 5-to 12-km depth and extends approximately from the locked section of the SAF to the town of Parkfield. The footwall of the thrust fault responsible for the 1983 Coalinga earthquake is imaged as a northeast-dipping high wavespeed body. In between, relatively low wavespeeds (Ͻ5 km/sec) extend to as much as 10-km depth. We use this model to derive absolute locations for about 16,000 earthquakes from 1966 to 2005 and high-precision double-difference locations for 9,000 earthquakes from 1984 to 2005, and also to determine focal mechanisms for 446 earthquakes. These earthquake locations and mechanisms show that the seismogenic fault is a simple planar structure. The aftershock sequence of the 2004 mainshock concentrates into the same structures defined by the pre-2004 seismicity, confirming earlier observations that the seismicity pattern at Parkfield is long lived and persists through multiple cycles of mainshocks.
Introduction
The long-anticipated occurrence of an M 6.0 earthquake at Parkfield, California, took place on 28 September 2004 (Bakun et al., 2005; Langbein et al., 2005) . Due to the ongoing Parkfield Earthquake Prediction Experiment (Bakun and Lindh, 1985) the earthquake was recorded by a sizable array of seismic (and other) instrumentation that allows us to develop a new, higher resolution, three-dimensional (3D) tomographic model of the compressional wavespeed (V p ) of the crust surrounding Parkfield, from San Simeon on the 0southwest to Coalinga on the northeast (Fig. 1) . We use this new 3D model to derive absolute locations for about 16,000 earthquakes from 1966 to 2005 and high-precision relative locations for 9,000 earthquakes from 1984 to 2005 and determine focal mechanisms for 446 earthquakes. In addition to refining our knowledge of the crustal structure and seismotectonics of this region, we anticipate that these results will facilitate the development of high-quality rupture models for the 2004 event.
Not only is this region well instrumented, but it has also been previously studied with 3D seismic wavespeed models developed for the wider Parkfield region by EberhartPhillips and Michael (1993; henceforth EPM93) and for smaller regions centered on Middle Mountain by Michelini and McEvilly (1991; henceforth MM91) and Thurber et al. (2003 Thurber et al. ( , 2004 . These studies, as well as Waldhauser et al. (2004) , also presented detailed views of the seismicity of this region. EPM93 determined a wavespeed model for the largest area, so our model represents most closely an update of their work. This update is warranted because we are able to provide a higher-resolution model of the crustal structure and because we can examine the results in the context of the 2004 earthquake sequence, including comparisons to the 1966 Parkfield sequence. We can achieve a higher-resolution wavespeed model for three reasons. First, the aftershocks of the 2004 mainshock and the 2003 M 6.5 San Simeon earthquake provide additional sources to illuminate the structure of this region. Second, increases in computational power allow us to simultaneously invert data from many more events. And third, new double-difference location (Waldhauser and Ellsworth, 2000) and tomography methods (Zhang and Thurber, 2003) allow us to include both catalog picks and cross-correlation and catalog differential times in the solutions for earthquake locations and 3D wavespeed structure.
Tomography Model Dataset
The arrival-time and differential-time data utilized are from three sources. Travel times from the active-source profiles (Fig. 2a,b,) are from the compilation by Brocher (2003) . These travel times are augmented with available catalog picks for the shots from the Northern California Earthquake Data Center (NCEDC) archive. The earthquake data (Fig. 2c) come from two main sources. One is a combination of NCEDC, PASO array (Thurber et al., , 2004 , and Coalinga aftershock (Eberhart-Phillips, 1990 ) picks and corresponding "catalog" (i.e., not cross-correlation) differential times from the time period January 1980 to May 2005. The NCEDC and PASO earthquakes were selected on the basis of magnitude (Ͼ2.0) and spatial distribution. The other is a subset of the cross-correlation differential time dataset of Waldhauser et al. (2004) and corresponding catalog picks from the time period January 1984 to December 2002.
There are 2,374 events (255 shots and 2,119 earthquakes) and 923 stations used for our inversion, with a total of 80,823 absolute catalog times and 348,918 differential times. For the differential times, we chose event pairs whose interevent distances are smaller than 15 km but greater than 0.5 km, based on the catalog locations. The reason for the latter restriction is that if two events are too close, their ray paths nearly overlap everywhere, so that as a result, there is not much information from the differential time to resolve the structure. A related reason is to make the tomographic system more stable by not including the small differential partial derivatives from very close event pairs. The maximum number of neighbor events linked to one event is 10. We required there to be at least 8 observing stations in common (i.e., links) in order for two events to be linked together. There were 25 station links on average for each event pair, with a total number of linked event pairs of 15,271. The average distance between linked events is 2.13 km. There are a total of 89,063 cross-correlation P-wave differential times from 755 earthquakes around the SAF.
Inversion Details
Taking the EPM93 3D model as our starting model, we adopt the same coordinate system origin (35Њ57.60Ј N, 120Њ30.28Ј W) but modify their Y-axis rotation from an azimuth of 137.2Њ to 139.2Њ to provide a better alignment with the SAF surface trace (Jennings, 1977) through the model region. We also expand the model to cover a region 130 km northeast-southwest by 120 km northwest-southeast (Fig. 1) . Our inversion grid is also slightly modified from EPM93 to make the horizontal node spacing somewhat more uniform and to extend the model southwestward to San Simeon. In the X direction, nodes are positioned at ‫,56מ‬ ‫,04מ‬ ‫,51מ‬ ‫,8מ‬ ‫,3מ‬ ‫, 1מ‬ 1, 5, 10, 17, 24, 27, 30, 33, 38, 45 , and 65 km, and in the Y direction at ‫,05מ‬ ‫,03מ‬ ‫,12מ‬ ‫,51מ‬ ‫, 9מ‬ ‫,3מ‬ 3, 9, 15, 21, 30, 50, and 70 km (Fig. 1) . In the Z direction, nodes are positioned at 0, 2, 4, 6, 9, 12, 16, 24 , and 26 km relative to sea level (the deepest nodes allow for possible Moho refractions).
Preliminary inversions were carried out on the catalog data only using the algorithm simul2000 (Thurber and Eberhart-Phillips, 1999) . This algorithm jointly solves for 3D wavespeed structure and earthquake locations using the first P-arrival times. This step was taken for data quality control purposes (mainly identifying poorly constrained events and picks with very high residuals) and to provide a formal but approximate estimate of wavespeed model resolution and uncertainty. The differential data were then added for inversions using the tomoDD algorithm (Zhang and Thurber, 2003) . This algorithm jointly solves for 3D wavespeed structure and earthquake locations using both the first P-arrival times and the differential times, leading to improved resolution in the seismically active areas where the differential data provide dense sampling. The residual cutoff values, above which data are given zero weight, are 1.304 sec and 0.475 sec at the start of inversion for absolute and differential catalog times, respectively, and then are gradually reduced to 0.366 sec and 0.210 sec, respectively, at the end of inversion. There is no residual weighting for crosscorrelation times at the start of inversion, and then after five iterations the residual weighting is applied with the residual cutoff value gradually decreasing from 0.237 sec to 0.042 sec. The smoothing constraint weightings in the horizontal and vertical directions are both 15. Initial and final root mean square (rms) arrival-time residuals (unweighted) are 165 msec and 62 msec for the absolute and differential catalog data and 202 msec and 9.8 msec for the cross-correlation data, corresponding to variance reductions of 86% for the catalog data and 99.8% for the cross-correlation data. . To obtain the best absolute and relative relocations, the locations are done in two stages. First, P-wave arrival times are used to produce absolute locations for the events using the 3D wavespeed model and station corrections (Fig. 5) . We generate the station corrections using a dataset of earthquakes and shots, including the events from the tomoDD inversion as well as additional events going back to the 1966 aftershock sequence. Then we use SIM-ULPS (Evans et al., 1994) with the tomoDD velocity model fixed to relocate the earthquakes and solve for station corrections. Next, in an extension of Waldhauser et al. (2004) , approximately 9,000 events between 1 January 1984 and 30 June 2005 are relocated by applying the double-difference algorithm hypoDD (Waldhauser and Ellsworth, 2000) to a combination of cross-correlation differential times and travel-time differences formed from NCSN phase pick data (Fig. 6) . ( E The complete list of stations used, the station corrections, and tables of the absolute locations and higherresolution versions of Figures 5 and 6 are available in the electronic edition of BSSA.)
For the absolute locations, P-wave arrival times from the NCEDC database were used for the 2004 aftershocks and the background earthquakes. For the 1966 aftershocks, we used the P-wave arrival times picked by Eaton et al. (1970) Eaton et al. [1970] ). Thus the 1966 and 2004 aftershocks sequences are recorded at three common sites, the two temporary stations and one permanent station (PGH at Gold Hill). The 1966 aftershocks and the earlier background seismicity are recorded at three common UCB stations (PRI, PRS, and LLA), as well as PGH. Because of these common stations, we were able to generate a common set of station corrections (derived using the 3D model), which allows us to more precisely locate the 1966 events relative to the 2004 aftershocks and the background seismicity.
For the relative locations, we use starting location and origin times from hypocenters determined in the 3D wavespeed model described above (Fig. 5) , and use that model to evaluate partial derivatives and differential times in the double-difference inversion, using a version of hypoDD (Waldhauser, 2001 ) modified to incorporate a 3D model. Approximately 2 million P-and S-wave cross-correlation differential times, and 1.3 million catalog pick differential times, are used to relocate the events. The cross-correlation data are computed by applying the time domain method of Schaff et al. (2004) to all event pairs separated by less than 5 km. S-wave travel times are predicted by scaling the 3D P-wave model by a factor of 1.73. The resulting event locations are shown in Figure 6 in map view and cross sections.
Discussion of Relocation Results
The two sets of locations (Figs. 5, 6 ) are not dramatically different other than that the double-difference locations visually show a significantly greater degree of clustering. Both views are useful for characterizing the seismicity from 1966 to the present because evolving network characteristics, over almost 40 years, prevent us from producing such high-precision relative locations for the earlier events.
The seismicity is concentrated on a single planar fault surface at depth through Cholame Valley, where two principal fault traces are observed at the Earth's surface (Figs. 5 and 6) (Rymer et al., 2006) . The absolute locations place the earthquakes below the surface trace of the Southwest Fracture Zone (SWFZ) rather than the main surface trace of the SAF where surface creep is observed. This is consistent with the observation of coseismic slip in the 2004 mainshock on the SWFZ and only postseismic slip on the main trace (Rymer et al., 2006) . Unfortunately, the lack of shallow seismicity makes it unclear how the seismogenic fault at depth relates to the surficial fault traces. There is, however, a suggestion of a flower structure ("a series of vertical faults of compressional duplexes that are subparallel to the parent fault; the vertical faults divide upthrown blocks that spread near the surface in a manner resembling a flower" [Engelder, 1998] ) in the vicinity of the 2004 mainshock (Fig. 6b , Y ‫ס‬ 20 km). This hypothetical flower structure is a possible, and perhaps likely, connection from the single fault surface at depth to the Earth's surface, but this is not constrained by our results.
The spatial pattern of seismicity on the fault surface is quite complex and defines distinctive features that include subhorizontal streaks of seismicity, an abundance of repeating earthquakes, persistent clusters of earthquakes, and large regions devoid of microearthquakes (Fig. 6a) . The densest concentration of aftershocks occurs in the middle of the rupture along a 12-km-long streak (from kilometer 5 to kilometer 17 in Fig. 6a ) between 4-and 6-km depth that can also be recognized in the preceding seismicity. The lack of reliably located events above this streak combined with coseismic slip below it and postseismic slip above it in 2004 (Murray and Langbein, 2006) suggests that it marks a transition in the stability field of the fault from velocity weakening to velocity strengthening behavior (Scholz, 2002) .
Only a few small earthquakes occurred within a few hundred meters of the hypocenter prior to the mainshock, with the closest sizable cluster of microearthquakes about 4 km away to the southeast. The two M 5 aftershocks locate at the northwest end of the aftershock zone, within the "deep streak" of background seismicity beneath Middle Mountain (ϳkilometers ‫2מ‬ to ‫6ם‬ in Fig. 6a ) at about 11-km depth as described by Waldhauser et al. (2004) . The deep streak bounds the bottom of a prominent aseismic area that contains the 1934 and 1966 Parkfield earthquake hypocenters. This hole is partially bounded above by a second, smaller streak at about 7-km depth (ϳkilometer ‫2מ‬ to ‫1ם‬ in Fig. 6a ). See Waldhauser et al. (2004) for further discussion.
While complex, the spatial pattern of seismicity is remarkably stationary over time despite stress changes due to two somewhat different mainshocks (Murray and Langbein, 2006) . The aftershocks of both the 1966 and 2004 Parkfield earthquakes and the background seismicity are all similarly distributed. Note that the 1966 aftershocks did extend further north than those shown in Figure 5 , but the more northerly events are poorly located due to the relatively sparse station coverage there.
Earthquake Focal Mechanisms
We compute first-motion focal mechanism solutions using ray azimuths and takeoff angles found from ray tracing in the 3D seismic wavespeed model. The mechanisms were fit to P-wave polarity data (obtained from the NCEDC) using the technique of Hardebeck and Shearer (2002) . This technique assigns mechanism quality based on the solution stability with respect to the expected uncertainty in the input parameters. We assume a polarity error rate of 10% (a combination of analyst errors and ray path errors; documented instrumental polarity reversals are corrected), which is consistent with the polarity misfit rate for well-constrained solutions, and we estimate the azimuth and takeoff angle uncertainty based on how much corresponding angles differ between the new 3D model and the model EPM93. We obtain good quality solutions (A and B of Hardebeck and Shearer (Fig. 7) . About 75% of the solutions are consistent with pure strike-slip events on near-vertical planes aligned with the seismicity trend. Most of the remaining events have similar mechanism solutions except being somewhat oblique or on dipping planes, and a few events exhibit pure thrust or normal solutions. For events along the SAF zone, for only 4% of the mechanisms can we reject a null hypothesis of pure right-lateral slip on a vertical plane striking at 140Њ E of north at the 95% confidence level. Hence, both the background seismicity and the aftershocks are consistent with the overall SAF orientation and slip direction.
Discussion
The previously identified wavespeed contrast across the SAF is imaged along most of its length, with wavespeed contrasts (on the order of 1 km/sec) that are comparable to what has been reported (Fig. 3) (EPM93, MM91) . The foot- wall of the thrust fault responsible for the 1983 Coalinga earthquake is imaged as a northeast-dipping high wavespeed body, similar to the results of Eberhart-Phillips (1990) (kilometers 20 to 40 in sections ‫12מס‪Y‬‬ to Y ‫ס‬ 3, Fig. 3a-e) . Above the Coalinga fault plane and in between Coalinga and Parkfield, relatively low wavespeeds (Ͻ5 km/sec) extend to as deep as 10 km. The thick low wavespeed zone may be responsible in part for the greater ground shaking to the northeast of the SAF than to the southwest in the 2004 mainshock (Bakun et al., 2005; Shakal et al., 2005) , given the relatively high V p /V s values associated with this zone (Michelini and McEvilly, 1991; Thurber et al., 2003) . Due to the broad similarity between our new model and the results of EPM93, we refer the reader to that article for detailed discussion of relationships among V p , geology, and potential field data.
One value of this new model is that the higher-resolution images provide new insights into the seismogenic structure and behavior of this region. For instance, we more clearly image a high-V p body on the northeast side of the SAF (Figs. 3f-i, 4b ) identified previously by EPM93. EPM93 noted the apparent spatial relationship between this body and the primary slip patch in the 1966 mainshock, and between the high-V p body and a 10-20 mgal isostatic residual gravity anomaly in the map of Snyder et al. (1982) . We attribute our ability to image this feature more clearly than EPM93 (and MM91) to the abundant new earthquake data from the 2004 aftershock sequence (including differential times). Previous tomographic studies had to rely on relatively few events along the rupture zone.
The high maximum wavespeed (ϳ6.6 km/sec) found at the northwestern part of the body is inconsistent with the high V p Salinian rocks on the southwest side of the SAF that are expected to have a maximum wavespeed of ϳ6 km/sec. But this high wavespeed is consistent with the Permanente Terrane (Brocher, 2005) , an oceanic sequence of mafic rocks overlain by limestone, chert, shale, and tuff. The Permanente Terrane was first identified in the Parkfield area, east of Gold Hill, by McLaughlin et al. (1996) , and so we propose that the high-V p body consists of the greenstones and mafic rocks of the Permanente Terrain.
The part of the high-V p body that is closest to or apparently in contact with the SAF in our new image (Fig. 3f,g ) appears to be spatially related to the area of primary slip (10 cm or more) in the 2004 mainshock (Fig. 4b) in the combined static GPS-1 Hz GPS-seismic solution of Lang-S47 bein et al. (2005) , which is similar to (but smoother than) the strong-motion models of Custodio et al. (2005) and Liu et al. (this issue) . Thus, this new model may clarify our view of how geologic structure imaged by seismic wavespeed models relates to seismogenic behavior (Michael and Eberhart-Phillips, 1991) , as it indicates that high wavespeed bodies are present on both sides of the fault in association with the Parkfield rupture patch.
Further to the southeast, along the fault, the high-V p body is visibly separated from the seismically active fault, with an evident low wavespeed zone along the SAF in between (Fig. 3h, i) . This trend of this body away from the fault is consistent with gravity and magnetic anomalies (R. Jachens [personal comm., 2005] ; based on potential field maps in Jachens et al. [1988] and McPhee et al. [2004] ).
Despite the complex geologic structure surrounding the SAF (EPM93), the earthquake relocations and focal mechanisms reveal that the seismically active fault surface is predominantly a planar fault, and that fault surface underlies the SWFZ in Cholame Valley. Above depths shallower than the seismicity, however, the lack of earthquakes prevents us from being able to image how this planar fault surface connects to the multiple fault strands observed at the surface. Furthermore, there is no evidence that these multiple fault strands and the Cholame Valley step-over continue through to the seismically active part of the fault; thus any connection between them and the southern end of the Parkfield segment is more complex and currently enigmatic. This enigmatic relationship between fault segmentation and the surface traces introduces a note of doubt into attempts to use surface faulting as a basis for fault segmentation in seismic hazards assessment (Lindh and Boore, 1981; Bakun and McEvilly, 1984) . Such doubts have previously been noted for the Calaveras Fault (Michael, 1988) and for the SAF at Parkfield (EPM93, Bakun et al., 2005) . We note that the new higherresolution model and earthquake locations, including events through two mainshock sequences, leave these doubts intact.
Our locations reproduce the streaks, multiplets, and holes reported by Waldhauser et al. (2004) (Fig. 6) . The similarities between the spatial patterns of the 1966 aftershocks and the background seismicity now extend to the 2004 aftershock sequence. While the occurrence of the M 6.0 Parkfield mainshocks increases the rate of seismicity, it does not appear to change their spatial pattern, and repeating earthquakes (microearthquakes with essentially identical waveforms, locations, and moments) (e.g., Nadeau et al., 1995) continue to occur, although at temporarily increased rates. We infer from these observations that the seismogenic and nonseismogenic fault patches result from local differences in geometrical or rheological properties of the fault, as opposed to transient stress heterogeneity.
The limited amount of three-component data precludes the derivation of an adequate shear wavespeed (V s ) or V p /V s model for this large region. Most of the S data come from the High Resolution Seismic Network and the temporary PASO array, and thus are localized mainly within a few kilometers of the SAF. For purposes of synthetic seismogram generation, however, the V p /V s models of Thurber et al. (2003 Thurber et al. ( , 2004 and/or the V p -V s relationships of Brocher (2005) could be used to derive a rough estimate of the 3D V s structure in the region.
Conclusions
The abundant aftershock activity following the 2004 Parkfield mainshock, increases in computation power, and the development of double-difference methods all contribute to an improved image of the 3D V p structure and seismicity surrounding the rupture zone. The previously reported (e.g., EPM93, MM91) strong wavespeed contrast across the SAF (southwest side fast) is imaged in most places, with the primary exception being the general region of the 2004 Parkfield rupture zone, where a high-V p body is present northeast of the fault. The cross-correlation differential times help sharpen the V p image along the SAF and also resolve the seismicity streaks and multiplets reported previously in the double-difference location study of Waldhauser et al. (2004) , as well as the predominantly simple planar fault imaged in that study and EPM93. A set of focal mechanisms that are dominated by pure strike-slip aligned with the SAF trend support the general simplicity of the SAF in this region, in contrast to the relatively complex surface trace (Rymer et al., 2006) . The Coalinga earthquake sequence is associated with a northeast-dipping high-V p body, as observed previously (Eberhart-Phillips, 1990; EPM93) . In between Coalinga and the SAF, there is a relatively deep zone of low V p (Ͻ5 km/sec) extending to as much as 10-km depth. Spatial stationarity of seismicity features over the time period from the 1966 mainshock through much of the 2004 aftershock sequence indicates the existence of structural control(s) (geometrical and/or rheological) on the location of seismogenic patches, with time varying stress possibly controlling only the rate of seismicity.
